are extensively used in high-performance industrial applications. The electromagnetic torque in a PMSM is proportional to the angle between the stator and rotor flux linkage, thus, high dynamic response can be achieved by means of direct torque control. The main advantage of DTC is its simple structure since no coordinate transformations or PWM generation is needed. In this paper, an improved scheme to solve the torque and the stator flux linkage ripples of direct torque control (DTC) for a permanent magnet synchronous motor is proposed. Moreover, the fuzzy DTC control strategy based on fuzzy controller using the space vector modulation (SVM) is designed and presented in this paper. Theoretical development and simulation results by the classical and improved DTC are also presented and compared to support the proposed strategy.
Introduction
Nowadays, a permanent magnet synchronous motor has been more popular with its simple structure, reliable operation, and especially high efficiency. PMSM are mostly applied when fast torque response and high performance are needed. Following the vector control technology, direct torque control was proposed by M. Depenbrock and I. Takahashi for the induction motor drive in the middle of 1980s, as reported in [1] .
The basic idea of DTC is to control the torque and flux linkage by selecting one of the voltage vectors generated by a VSI in order to maintain flux and torque within the limits of two hysteresis bands. The right selection of the vector voltage allows a decoupled control of flux and torque without d-q coordinate transformation, PWM and PI current regulators that Field Oriented Control (FOC) usually need. DTC offers many advantages such as lower parameter dependency and complexity compared with the FOC, which makes the system more robust and easier to implement.
However, the major DTC system drawback is its relatively high torque ripple. Basically, the high current and torque ripple in DTC are due to the presence of hysteresis comparators together with the limited number of available voltage vector [2] . Since the introduction of the DTC, research has been carried out to solve these problems, and specially the torque ripple [3] .
Recently, many researchers have devoted their research towards reducing the torque and flux ripples, as elaborated in [4] . With multi-level inverter, there will be more voltage space vectors available to control the flux and torque and a smoother electromagnetic torque can be expected. The excellent performance power switches and fixed switching frequency are required, which will accordingly increase the cost and complexity of the system. Based on the analysis of the basic DTC theory and SVM technology, this paper proposes a fuzzy DTC strategy for PMSM. The stator flux error and the torque are reasonably fuzzified into several fuzzy subsets to optimize selection of the voltage vector. This method is remarkably different from the basic DTC. Finally, the simulation results included show that the flux and torque ripples are dramatically decreased and the method can ensure the fixed switching frequency very well.
PMSM Mathematical Model
PMSM mathematical model in  - coordinate system is shown as follows [5] [6] : Stator flux equation :
The mechanical equation is expressed by :
The basic model of the conventional DTC scheme is shown in Figure 1 . The magnitude of stator flux and electromagnetic torque calculated are compared with their reference values in the hysteresis comparators shown in Figure 2 and the outputs of the comparators are fed to a switching table to select an appropriate inverter voltage vector. The switching shown in Table 1 determine the voltage vector that will be applied based on the position of the stator flux and the required changes in stator flux magnitude and torque [7] . The selected voltage vector will be applied to the PMSM motor at the end of the sample time. In VSI, there are six equally spaced voltage vectors having the same amplitude and two zero VSI voltage vectors as shown in Figure 3 .
In DTC, torque and flux are controlled independently by selecting the optimum voltage space vector for the entire switching period and the errors are maintained within the hysteresis band [8] . In conventional DTC, only one vector is applied for the entire sampling period. So for small errors, the motor torque may exceed the upper/lower torque limit. Instead, by using more than one vector within the sampling period, the torque ripple can be reduced. The slip frequency can be controlled precisely by inserting zero vector [9] . For a smaller hysteresis band, frequency of operation of the PWM inverter could be very high. The switching frequency always varies according to the width of hysteresis band. The proposed Fuzzy DTC scheme uses the stator flux amplitude and the electromagnetic torque errors through two fuzzy logic controllers (FLC1 and FLC2). This is to generate a voltage space vector (reference voltage) by acting on both the amplitude and the angle of its components which is used by a space vector modulation to generate the inverter switching states. In Figure 6 , the errors of the stator flux amplitude and the torque are selected as the inputs, and the reference voltage amplitude as the output of the fuzzy logic controller (FLC1). The increment angle as the output of the fuzzy logic controller (FLC2) that will be added to the angle of the stator flux vector and the results are delivered to the space vector modulation which calculates the switching states Table 2 . FLC Rules 
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Simulation Results
Two models based on Matlab environment were developed to examine the different control algorithm. One is used for the conventional DTC and the other for the modified DTC. The parameters of the induction motor are listed in Appendix 1.
The behavior of the PMSM motor with conventional DTC and fuzzy DTC are illustrated in Figure 8 . Figure 8 shows the speed, torque, current and flux responses for the conventional DTC and fuzzy DTC control. The motor operates at s / rad 600 m   . By comparing the two figures, we notice that the proposed method reduces the torque ripple to almost 80%. The poor torque control capability of the conventional method is caused by the large time for the active voltage vector application, which is higher than necessary to control the torque accurately.
The simulation results show that the proposed DTC system has less torque ripple while maintaining a good torque response as compared to the conventional DTC method.
Conclusion
This paper presents a fuzzy direct torque control strategy for PMSM that achieves constant switching frequency and reduced torque ripple control. The proposed DTC method uses the stator flux amplitude and the electromagnetic torque errors through two fuzzy logic controllers to generate a voltage space vector by acting on both the amplitude and the angle of its components, which is used by a space vector modulation to provide the inverter switching states. By this method, torque ripple is smaller than that of conventional DTC. Comparisons through simulations with conventional DTC have been carried out. The results obtained show clearly that the proposed DTC reduces the torque and flux ripples drastically while still having a good dynamic torque response which is one of the main characteristic performances of DTC method. Robotics and Biomimetics, 2006. ROBIO '06. pp. 197 -201, 2006 . 
